Abstract: This study investigated the effects of long-term unilateral and bilateral amplification on central auditory processing in elderly people with symmetrical hearing loss using late auditory evoked potentials. It was hypothesized that in the unilateral setting stimulation of the aided ear would yield an acclimatization effect with larger amplitudes and shorter latencies of the components P1, N1 and P2 compared to those of the unaided ear. Auditory evoked potentials were elicited by 500, 1000 and 2000 Hz pure tones at 55, 70 and 85 dB SPL presentation level delivered either to the left or right ear. Unilaterally and bilaterally fitted experienced hearing-aid users and a control group of normally hearing adults, all aged at least 60 years, participated. The responses of the unilateral hearing-aid users did not differ significantly for any of the components P1, N1 or P2 between the aided and unaided ears, but a significant interaction between ear and frequency was present for P2 amplitudes. P2 amplitudes were significantly smaller for the 0.5-and 1-kHz stimuli and tended to be larger for the 2-kHz stimulus in the aided ear suggesting an acclimatization effect. Larger P2 amplitudes were observed in the unilaterally fitted group, which was interpreted as a correlate of more effortful auditory processing in unilaterally fitted people. This study investigated the effects of long-term unilateral and bilateral amplification on 2 central auditory processing in elderly people with symmetrical hearing loss using late 3 auditory evoked potentials. It was hypothesized that in the unilateral setting stimulation 4 of the aided ear would yield an acclimatization effect with larger amplitudes and shorter 5 latencies of the components P1, N1 and P2 compared to those of the unaided ear. 6
Introduction 27
Hearing aids may be fitted to one ear only or to both ears. Bilateral provision has 28 become the standard for people with symmetrical hearing loss, because two hearing 29 aids are thought to be superior to one for most individuals. The possible benefits of 30 bilateral fitting comprise better speech understanding (Kobler et Furthermore, when a hearing aid is fitted in people with bilateral hearing loss to only 38 one ear, a large subset of people experience auditory deprivation in the unaided ear, 39 which is manifested as a significant reduction in speech recognition performance in the 40 8 Alzheimer's Disease (CERAD-NAB) with normative values adjusted for gender, age, 157 and education (Thalmann et al., 2000; Welsh et al., 1994) . 158
Hearing-aid users were recruited among participants of a prior study (Bertoli et al., 159 2010; Bertoli et al., 2009 ), from local hearing-aid dispensers and from the ENT-160 department of the University Hospital Basel. The normal-hearing subjects had either 161 participated in prior studies or were recruited from a local longitudinal study on healthy 162 aging. The study was approved by the local Ethics Committee of Basel and Baselland 163
(EKBB) and all participants gave written informed consent prior to testing. 164
165

Speech audiometry 166
Two measures of speech perception were used to investigate whether perceptual 167 evidence for acclimatization had occurred in the aided ear compared to the unaided ear 168 in the unilateral hearing-aid users. The 50% correct speech recognition for 169 monosyllabic words was determined using the Freiburger Einsilbertest (Hahlbrock, 170 1953) . A modified German version of the speech-perception-in-noise (SPIN) test was 171 administered using the sentences with low predictability to determine the signal-to-172 noise (S/N) ratio for which 50% of the final words of sentences presented in a constant 173 background noise are correctly identified (Kalikow and Stevens, 1977; Tschopp and 174 Züst, 1994) . For the normal-hearing control group, the noise level was set at 60 dB 175 SPL. For the hearing-impaired participants, the noise level was calculated by adding 30 176 dB to the 50% speech recognition score. 177 178
Stimuli and electrophysiological procedure 179
The stimuli were 0.5, 1 and 2 kHz pure-tones with a duration of 100 ms and a 10-ms 180 rise/fall time. They were presented at 55, 70 and 85 dB SPL via ER3 insert earphones9 either to the right or left ear, resulting in a total of 18 conditions (3 frequencies x 182 3 levels x 2 ears). Stimuli were delivered with an interstimulus interval (offset-to-onset) 183 of 1s in two separate blocks of 900 stimuli each. Each block contained 50 presentations 184 of each stimulus type and the order in which the stimuli were presented varied between 185 the two blocks. Thus, each stimulus type was presented 100 times. The duration of one 186 test block was about 20 min. 187
Recordings were conducted in a sound-treated and electrically shielded room. 188
Participants were instructed to ignore the sounds and to concentrate on reading a text 189 of their own choice. 190
191
EEG recording and averaging 192
The EEG was recorded using a Neuroscan Quicktrace system and disposable surface 
Electrophysiological data analysis 208
For each subject, events corresponding to each condition were averaged. Grand mean 209 average waveforms were calculated for each subject group and stimulus type. The P1, 210 N1 and P2 peak amplitudes and latencies were measured in the waveforms at Cz, 211
where the largest potentials were seen, and at Pz, because there were clear responses 212 in the unilateral group that were less prominent or absent in the other two groups. The 213 composite N1-P2 amplitude was also calculated. The latency windows for the peak 214 measurements were determined based on the grand average waveforms (P1: 20-90 215 ms, N1: 40-170 ms, P2: 120-340 ms). In addition, to account for the sustained and 216 double-peaked P2, two mean amplitude voltages were measured for the 130 -240 and 217 the 240 -350 ms latency ranges (mean P2 early and mean P2 late , respectively). To 218 correct for multiple comparisons (two electrode sites), alpha level was adjusted to 219 <0.025. 220
Data were analyzed using SPSS software (version 19). The P1, N1 and P2 amplitudes 221 and latencies were analyzed using separate repeated-measures ANOVAs for electrode 222 sites Cz and Pz with subject group as the between-subject factor (unilateral, bilateral, 223 normal) and ear (left, right), frequency (0.5, 1, 2 kHz), and level (55, 70, 85 dB SPL) as 224 within-subject factors. Huynh-Feldt corrections were used where an assumption of 225 sphericity was not appropriate. When significant main effects were found for subject 226 group or interactions, Bonferroni's post-hoc measures were performed (alpha level 227 <0.05). Significant main effects for frequency and level were not further investigated 228 with post-hoc analyses, since the effects of these parameters on AEPs have been 229 studied extensively in the past (for a review, see Crowley and Colrain, 2004; Hyde, 230 1997) and were not of specific interest for the purpose of the current study. To investigate differences between aided and unaided ears in the unilateral group 240 further, repeated-measures ANOVAs were performed with factors ear, frequency and 241 level for N1 and P2 amplitudes and for the composite N1-P2 amplitude to enable a 242 direct comparison of our results with those of the case study by Gatehouse and 243 . This analysis was performed for the unilateral group only. 244
245
Results
246
Speech audiometry 247
The results of the 50% speech discrimination and SPIN tests are listed in Table 1 the SPIN test, the S/N ratio was significantly better in the aided ear compared to the 258 unaided ear (p=0.012). In the bilateral and normal-hearing groups, no significant 259 differences were noted between right and left ears for any of the speech tests. 260
261
AEP results 262
Comparison by subject group 263 were considerably reduced or absent in the bilateral and normal groups. At the lowest 274 presentation level, the normal-hearing participants had larger N1 amplitudes compared 275 to the hearing-impaired participants, whereas at the higher levels only minor 276 differences for the P1 and N1 components could be noted. A pronounced and 277 sustained P2 was found in the responses of the unilateral group compared to the 278 bilateral and normal groups, who had generally smaller P2s. This effect was more 279 pronounced at Pz. In some of the waveforms, P2 was double-peaked. 280
Visual inspection of the waveforms 264
281
Amplitudes 282 Table 2 presents the results of the repeated-measures ANOVAs performed for P1, N1, 283 13 and P2 peak amplitudes and latencies and P2 mean voltages. There was a significant 284 main effect of subject group at Pz on P2 peak amplitude and on the early portion of the 285 mean P2 voltage, but not on N1 amplitude. Post-hoc analyses indicated that the 286 unilateral group had significantly larger amplitudes than the bilateral group (P2 peak: 287 p=0.009; mean P2 early : p=0.007). The means of the individual P2 amplitudes are plotted 288
in Figure 4 for electrode sites Cz and Pz. 289
There was a significant main effect of level on the amplitudes of all components (P1, 290 N1, P2), indicating larger amplitudes for the higher stimulus levels. Frequency affected 291 N1 and P2 amplitudes and the mean P2 early significantly, indicating smaller amplitudes 292 for higher frequencies. No significant interactions of subject group with ear, frequency 293 and level were observed for any of the AEP components. 294 295
Latencies 296
There was a significant main effect of subject group on P1 latency at Cz. Both groups 297 of hearing-aid users had longer latencies compared to the normal group (unilateral 298 47 ms, bilateral 49 ms, normal 42 ms). Post-hoc tests revealed that the differences 299 were significant only for the bilateral group (p=0.014). There was also a trend towards a 300 significant group effect on N1 latency at Cz (F(2,27)=3.59; p=0.041) with prolonged 301 latencies for the two hearing-aid user groups (unilateral 105 ms, bilateral 108 ms, 302 normal 100 ms). P2 latency was not affected significantly by subject group. 303
Frequency affected P1 and N1 latencies at Cz and Pz, whereas level affected N1 304 latency at Cz and P2 latency at Pz significantly. Again, no significant interactions of 305 subject group with ear, frequency and level were observed for any of the AEP 306 and left ear, whereas for the unilateral group results are plotted for the aided and 312 unaided ear. In Figure 6 , the means of the individual peak amplitudes and latencies are 313 displayed for P1, N1 and P2. 314
Repeated measures ANOVAs showed a significant main effect of frequency on P2 315 amplitude differences between the two ears at Cz. For the frequencies 0.5 and 1 kHz, 316 the average amplitude difference values were negative (-0.25 and -0.40 µV), whereas 317 for 2 kHz the difference value was +0.25 µV. Post-hoc tests indicated a significant 318 difference between the frequencies 1 and 2 kHz (p=0.001). There was no significant 319 main effect of group and level nor was there an interaction between the factors for any 320 of the parameters investigated indicating that unilateral hearing-aid use did not affect 321 the responses differently compared to bilateral use. Table 3 summarizes the results of 322 the repeated measures ANOVAs. 323
Despite the lack of a significant main effect of subject group, visual inspection of the 324 plots for the mean P1, N1 and P2 amplitudes in Figure 6 revealed diverging trends for 325 P2 amplitudes of aided and unaided ears in the unilaterally fitted group not observed in 326 the bilaterally fitted group. Divergence increased with increasing presentation level in a 327 frequency-specific manner. For the 0.5-kHz and 1-kHz stimuli, P2 amplitudes appeared 328 larger in the unaided ear, and for the 2-kHz stimulus, P2 amplitudes appeared larger in 329 the aided ear. To investigate these trends further, additional ANOVAs were performed 330 for the unilateral group alone with factors ear, frequency and level. For comparison 331 purposes with the study of Gatehouse and Robinson (1996) , the ANOVAs were also 332 performed for the composite N1-P2 in addition to N1 and P2 amplitudes. Results are 333 given in Table 4 . There was a significant main effect of level (at Cz and Pz) and of 334 frequency (Cz only), but not of ear, and there was a significant interaction between ear 335 and frequency for P2 peak amplitude (at Cz) and for the composite N1-P2 amplitude 336 (at Pz). Post-hoc tests revealed that P2 amplitudes were significantly larger in the 337 unaided compared to the aided ears at the frequencies 0.5 kHz (p=0.044) and 1 kHz 338 (p=0.026), but P2 tended to be smaller in the unaided ear at 2 kHz (p=0.170). The 339 composite N1-P2 amplitudes were significantly larger in the unaided ear for the 1-kHz 340 stimulus (p=0.020). 341
The trend for a larger P2 amplitude in the aided ears at 2 kHz is consistent with the 342 larger N1-P2 amplitude in the aided ear at the same frequency reported in the case 343 study of Gatehouse and Robinson (1996) . Unlike Gatehouse and Robinson (1996) , we 344 found also an acclimatization effect at the lower frequencies of 0.5 and 1 kHz with 345 significantly larger P2 amplitudes in the unaided ears. Our results also show that the 346 acclimatization effect is related to changes in P2 amplitude and not in N1 amplitude. only a small number of participants were tested (eight and five, respectively) and 377 significant results were inconsistent and limited to either amplitude or latency of wave V 378 or to one side only. 379 Hutchinson and McGill (1997) reported significantly greater P300 amplitudes in the 380 aided ears of unilaterally aided children. Although these children had worn their hearing 381 aids for at least 8 years, methodological differences preclude a direct comparison. First, 382 the children had congenital severe to profound hearing loss. Second, at the age of 9 to 383 17 years long latency AEPs are still subject to maturational changes. Third, the P300 is 384 a discriminative potential that requires attention to the stimuli. 385
Our study can be compared more readily to the results of Gatehouse and Robinson 386 (1996) . These authors reported a potential acclimatization effect in a single subject for 387 the highest presentation level of the 2-kHz stimulus with larger N1-P2 amplitudes for 388 the aided ear, but not for the 0.5-kHz stimulus. As Gatehouse and Robinson had 389 measured the composite N1-P2 amplitude, it is unknown whether this difference was 390 related to changes in N1, P2, or both. In the current study, we found a significant 391 interaction between ear and frequency in the unilateral group for P2 and the composite 392 N1-P2 amplitude, but not for N1. Inspection of Figures 5 and 6 revealed diverging 393 trends for P2 in the aided and unaided ears with increasing levels, depending on the 394 test frequency, whereas no such trends can be noted for N1. The results of the current 395 study are consistent with the results of Gatehouse and Robinson (1996) for the 2-kHz 396 stimulus and suggest that the changes are specifically due to an increase in P2 397
amplitude. In addition, unlike Gatehouse and Robinson (1996) , who did not find 398 differences between aided and unaided ears for the 0.5-kHz stimulus, our results 399 extend the finding of an acclimatization effect to the lower frequencies of 0.5 and 1 kHz 400 with larger P2 amplitudes at higher levels in the unaided ear. This means that 401 acclimatization occurs at higher presentation levels at the frequencies to which the ear 402 is most exposed: the unaided ear to the lower frequencies, and the aided ear to the 403 higher frequencies. The fact that similar changes are not present in the bilaterally fitted 404 group suggests that the changes are related to the asymmetry in the listening 405 conditions across ears in the unilateral group. 406
The frequency specificity of the P2 enhancement with larger amplitudes in the unaided 407 ear at 0.5 and 1 kHz and larger amplitudes in the aided ear at 2 kHz could also be 408 long-term hearing-aid users, no significant differences were found. When the ears were 431 compared within the unilateral group alone, S/N-ratios were significantly better for the 432 aided compared to the unaided ear, but not speech discrimination scores. Thus, some 433 audiometric evidence of acclimatization in unilateral hearing-aid users could be noted. 434
Whether the worse S/N ratio in the unaided ear represents simply the lack of 435 acclimatization or an additional deprivation effect (= deterioration compared to 436 performance before wearing a hearing aid), cannot be deduced from our study due to 437 its cross-sectional design. The SPIN-test was presented to the hearing-impaired 438 subjects at constant noise levels above 80 dB SPL (see Table 1 ). Our results are in line 439 with those of Munro and Lutman (2003) , who reported an acclimatization effect after 12 440 weeks of hearing-aid use, when using speech in noise at the highest presentation level 441 of 69 dB SPL, but only minimal for 55 and 62 dB SPL. Gatehouse (1989) also reported 442 that the aided ears performed better only at high presentation levels (>75 dB SPL), 443 while at lower presentation levels the unaided ear was advantaged. The lack of a 444 significant difference between aided and unaided ears for the speech discrimination 445 test might therefore be related to the lower presentation levels between 53 and 57 dB 446 SPL (see Table 1 ). Alternatively, the SPIN-test representing a more complex listening 447 situation might be better suited for revealing acclimatization and deprivation effects 448 than simple speech discrimination tasks. The experience of a hearing-aid user that is exposed to new auditory stimuli made 498 available through the hearing aid resembles the experience of auditory discrimination 499 training, where new acoustic features are learned. In our study, only the unilaterally 500 fitted hearing-aid users had significantly larger P2 amplitudes, but not the bilaterally 501 fitted group. This finding suggests differences in the hearing experience of the two 502 hearing-aid. If P2 reflects a preattentive alerting mechanism, then its enhancement 503 could be related to the current hearing experience indicating that the unilateral group is 504 more alerted -even under passive and non-demanding listening conditions as in our 505 study -and directs more attention or processing resources to listening than normal-506 hearing people and bilaterally fitted hearing-impaired people. 507
Admittedly, this interpretation is speculative due to the cross-sectional design of our 508 study without data on the dynamics of changes following hearing-aid fitting. 509
Longitudinal studies are needed that document the time course before hearing-aid 510 provision and during a follow-up period of months or even years to elucidate further the 511 plastic changes induced by amplification in the central auditory system. 512
A further characteristic of the P2 in our study was its scalp distribution with a significant 513 P2 enhancement in the unilateral group at electrode site Pz only (Fig. 4) , whereas the 514 overall topographic distribution was similar for the three subject groups with maximum 515 22 values at Cz. In contrast, Tremblay and Kraus (2002) reported training-induced 516 increases in P2 amplitude that were significant over both hemispheres across all 517 midline and hemispheric recording sites. The authors questioned whether this 518 widespread distribution of change of P2 suggests global rather than specific acoustic 519 processes. The meaning of the parietal focus of P2 enhancement in the unilateral 520 group in our study is unknown. Perhaps it also points to more general and modality-521 independent processes related to alertness and arousal. 522
Finally, an additional characteristic of the P2 in our study was the sustained double-523 peaked nature of P2 that was found in all three subject groups and was clearly visible 524 in some traces (Figure 3 ). Our attempt to account for the double-peaked P2 by 525 quantifying two subsequent portions of P2 over the latency range of the sustained 526 positivity yielded a significant difference between the unilateral and bilateral groups for 527 the early portion only, but not for the late. The latency windows for the early and late 528 mean P2 amplitudes in our study were 130-240 ms and 240-350 ms, respectively. A 529 similar double-peaked P2 has been described by Ceponiene et al. (2008) in a study on 530 the effects of aging on auditory and visual processing. They found an age-related 531 enhancement for both modalities in the later P2 range with a peak at about 250 ms. 532
Regarding the auditory P2, they hypothesized that the late portion of P2 in the older 533 group was caused by an overlap with a positivity not identical to the auditory P2 but 534 similar to the positivity seen in the visual data. Ceponiene et al. (2008) did not provide 535 an interpretation for the functional significance of the hypothetical late auditory P2 and 536 the late visual P2 in the older group. However, the similarity of the auditory and visual 537 P2 findings suggests a modality-independent underlying process. 538
In our study, a significant difference was found only for the early portion of P2 and 539 between the two hearing-aid user groups. If the early P2 largely represents the "proper" 540 auditory P2, then the difference between unilateral and bilateral hearing-aid users 541 23 could be related to more specific auditory processing differences and not to global 542 modality-independent processes represented by the late portion of P2. 543
Even though the functional significance of the potentially two or more processes in the 544 130-350 ms latency window remains unknown, this latency range appears to be 545 sensitive not only to the effects of aging (Ceponiene et al., 2008) , but also of sensory 546 acclimatization and deprivation. It may deserve more attention in future research. 547 548
Confounding factors 549
Several potentially confounding factors must be taken into account in the interpretation 550 of our data. The unilateral group was older in age than the two other subject groups 551 (77.1 vs. 69.6 and 70.1 years), and their overall duration of hearing-aid use was shorter 552 than in the bilateral group (6.2 vs. 12.4 years). This imbalance reflects the prescription 553 practice in Switzerland with different reimbursement criteria for the retired and working 554 population. People who are employed are reimbursed for bilateral fittings, whereas 555 people who are retired are reimbursed for one aid only. It cannot be excluded that the 556 larger P2 of the unilateral group may be attributed partially to the older age rather than 557 being a specific consequence of the unilateral fitting, or to the shorter overall duration 558 of hearing-aid use. However, an aging effect is unlikely to account for the larger P2 in 559 the unilateral group compared with the bilateral group since this would have also 560 predicted a larger P2 in the unilateral group compared to the normal-hearing group, 561 which was not observed. 562
563
Conclusions 564
The current study used late AEPs to investigate acclimatization effects following long-565 term unilateral hearing-aid use. A simple acclimatization effect with increased and 566 24 shorter responses for the aided ear compared to the unaided ear was not observed, 567 but for P2 there was a significant interaction between ear and frequency indicating 568 larger P2 amplitudes with the 2-kHz stimulus in the aided ear and larger P2 amplitudes 569 with the 0.5-and 1-kHz stimuli in the unaided ear suggesting the presence of 570 acclimatization. These results replicate and support the findings of Gatehouse and 571 from a single subject. 572 P2 was also the only component of the P1-N1-P2 complex that appeared sensitive to 573 capturing differences in central auditory processing between unilaterally and bilaterally 574 fitted people. The double-peaked nature and sustained latency range of P2 suggests 575 that two or more and possibly overlapping processes are contributing to this 576 component representing both modality-specific auditory and more global modality-577 independent processes. The enhanced P2 amplitude in unilateral hearing-aid users in 578 our study was interpreted as a potential correlate of more effortful auditory processing 579 Table 1  785   786   39   Table 2  787   788   40   Table 3  789   790   41   Table 4  791 792
